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We investigate the use of nanocrystal quantum dots as a quantum bus element for preparing various quantum
resources for use in photonic quantum technologies. Using the Stark-tuning property of nanocrystal quantum
dots as well as the biexciton transition, we demonstrate a photonic controlled-NOT CNOT interaction between
two logical photonic qubits comprising two cavity field modes each. We find the CNOT interaction to be a
robust generator of photonic Bell states, even with relatively large biexciton losses. These results are discussed
in light of the current state of the art of both microcavity fabrication and recent advances in nanocrystal
quantum dot technology. Overall, we find that such a scheme should be feasible in the near future with
appropriate refinements to both nanocrystal fabrication technology and microcavity design. Such a gate could
serve as an active element in photonic-based quantum technologies.
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INTRODUCTION
All-optical quantum computing is an area of current inter-
est due to the fact that the quantum information carried by
photons is extremely robust. This property stems from the
fact that photons interact weakly with the environment. A
corollary of this is that photons only weakly interact with
each other. Thus, it was thought that conditional gate opera-
tions with photons would prove to be practically impossible.
Surprisingly, Knill et al.1 discovered that nondeterministic
quantum gate operations were actually possible using only
simple linear optical elements. Furthermore they showed that
it could be possible to build a scalable quantum computer
using their architecture. Recent experiments have already
demonstrated the basic building blocks for all-optical quan-
tum computing.2–4
While all-optical quantum computing has made consider-
able progress both theoretically and experimentally, it has a
number of major hurdles that still must be overcome. The
nondeterministic gate operation means that useful quantum
circuits suffer dreadful scaling problems, the optical circuitry
is still rather large and cumbersome, and compact and reli-
able single-photon sources are required.
Many of the hurdles associated with all-optical quantum
computing could be overcome if the circuitry required to
compensate for the nondeterministic nature of the gates
could be replaced by a simple deterministic nonlinear gate
element.5 Such a gate element would dramatically reduce the
overhead required by all-optical quantum computing and po-
tentially allow for miniaturization of the optical quantum cir-
cuits.
A suitable nonlinear gate element could be realized using
cavity quantum electrodynamics CQED in the strong-
coupling regime to enhance the nonlinear interaction be-
tween a single photon and a single quantum object such as an
atom. Many possible quantum gates have already been dem-
onstrated in the microwave regime and proposed for the op-
tical regime. Furthermore, miniaturization of CQED schemes
has progressed steadily over the last few years. The develop-
ment of high-quality silica microtori6,7 and photonic band-
gap structures8 means that some of the basic building blocks
are already in place for producing miniature quantum gates.
In particular, miniature fused silica microcavities have al-
ready been identified as the most promising candidates for
cavity QED in the optical regime.6,7,9,10
However, if we are to pursue miniature quantum gates
based on CQED, we need a suitable quantum object. The use
of atoms or ions would be ideal if it were possible to trap a
single atom or ion and place it into the cavity field. This has
already been demonstrated for neutral atoms,11 but is in prac-
tice an extremely difficult task, the main difficulty being that
optically active atoms and ions are also extremely chemi-
cally active and so have to be carefully isolated from their
surroundings.
Alternatively, nanocrystal quantum dots are often referred
to as “artificial atoms” and so should also be considered as a
suitable quantum object. One main advantage is that while
quantum dots are optically active, the ideal quantum dot is
not chemically active. Therefore, quantum dots can be incor-
porated into CQED systems without the need for strong
chemical isolation. Furthermore, the position of a quantum
dot relative to the cavity field can remain fixed, thus dramati-
cally simplifying the CQED interaction dynamics. Nanocrys-
tal quantum dots coupled to microcavities have already been
used to demonstrate single-photon sources.12–15 Quantum
gates based on cavity-enhanced interactions between quan-
tum dots have been proposed16 and a quantum gate based on
the states within a single quantum dot has already been
demonstrated.17 Therefore it seems that the use of a quantum
dot as a quantum object for use in a CQED-based quantum
gate is worth considering.
There are two distinct types of nanocrystal quantum
dot: The isolated nanocrystal grown using colloidal
chemistry18–20 and the epitaxially grown nanocrystal island
embedded within a semiconductor substrate12,17,21–23 often
referred to as a self-assembled quantum dot SAQD. While
the technology and understanding of nanocrystals has pro-
gressed dramatically over the last 15 years, there remain sub-
stantial differences between the physical properties of these
two types of nanocrystal. Epitaxial quantum dots come clos-
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est to the ideal quantum dot in that the epitaxial continuation
of the crystal structure prevents charge carrier trapping at the
quantum dot surface. Therefore, charge carriers in these
quantum dots are either unbound above the confinement po-
tential, or exist in a finite number of discrete bound states
below the confinement potential. Epitaxially grown nano-
crystals have already proven useful in various quantum tech-
nologies, including cavity-enhanced single-photon
sources.12–15 Vacuum Rabi splitting has also been reported
for cavity-coupled quantum dots.22,23 Quantum gate opera-
tion has also been demonstrated by manipulating the intrinsic
states of a single epitaxially grown quantum dot.17
Colloidal quantum dots offer some key advantages such
as not being attached to a substrate as well as size and shape
tunability. These properties should make them extremely
useful for use in hybrid optical-semiconductor schemes, such
as CQED with silica microresonators, where a colloidal
nanocrystal can be placed at an arbitrary point within the
cavity field24–26 and possibly even in an arbitrary orientation.
Nevertheless, there are many technical difficulties that still
remain to be overcome. For instance, colloidal nanocrystals
are known to blink27–29 and undergo spectral diffusion.30,31
These two properties are thought to be related to the presence
of, and accessibility to, charge trapping sites just outside the
quantum dot. For blinking, either direct trapping of a single
intrinsic charge carrier or ejection of a charge carrier due to
the process of Auger ionization is thought to be the primary
cause.32 Spectral diffusion is due to the sensitivity of the
quantum dot excited-state dipole to an external field, so that
randomly trapped charges can cause fluctuations of the
excited-state energy. In both cases, these unwanted processes
are due to the close proximity of charge trapping sites to the
intrinsic charge carriers within the quantum dot. In contrast,
the process of making epitaxial SAQD’s naturally minimizes
charge-trapping defects near the quantum dot, although these
are not necessarily eliminated altogether.13 Nevertheless,
cavity-coupled colloidal CdSe quantum dots have already
been shown to exhibit Purcell enhancement of the spontane-
ous emission24,25 as well as evidence of vacuum Rabi
splitting.26
In this paper we investigate the use of colloidal nanocrys-
tals in CQED-based quantum circuits drawing known prop-
erties from the state of the art in colloidal nanocrystal re-
search as well as high-Q microcavity research. We propose
an optical controlled-NOT CNOT gate using a single colloi-
dal quantum dot as a quantum bus. By tuning the quantum
dot resonance using dc Stark shifting, we show that there is a
possibility of addressing multiple cavity modes with a single
quantum dot, enabling high-speed gate operations to be con-
ducted. All operations needed for the gate are modeled using
master equation techniques to ensure that system losses are
carefully accounted for. We discuss the results in light of the
known properties of the various physical elements.
GATE OPERATION PRINCIPLE
One of the earliest demonstrations of quantum gate opera-
tion was reported by Haroche and co-workers using Rydberg
atoms traveling through superconducting niobium micro-
wave cavities.33 The most well known of these schemes in-
volved the use of a three-level atom comprising two succes-
sive Rydberg transitions. This gate was very well suited to
microwave CQED as the two transition frequencies are very
close to each other. An analogous three-level scheme is also
possible using transitions in quantum dots. If one considers
both the exciton and biexciton transitions, a very similar
three-level system is possible. Recent reports of highly effi-
cient biexciton recombination34,35 and efficient charge
multiplication36 suggest that the biexciton may indeed be
useful in quantum technologies. In fact, it is the larger nano-
crystal quantum dots that provide the greatest promise, as
only a modest degree of quantum confinement is required to
provide an isolated transition, and larger nanocrystals exhibit
dramatically reduced Auger ionization, which is the domi-
nant multiexciton loss mechanism.32
Here we investigate the use of the biexciton to provide a
conditional phase shift by using Stark tuning to bring the
biexcitonic transition into resonance with a microcavity field
mode. In this case, it is useful that the biexcitonic shift is
small, so that both the exciton and biexciton resonance can
be Stark tuned to the same cavity mode, which is necessary
for both state preparation and gate operation. The biexciton
shift in CdSe nanocrystals is of the order of 10 meV, which
is well within the 35 meV Stark tunable range of a CdSe
nanocrystal that has been previously reported.40 The imple-
mentation of a CNOT gate based on a three-level “atom”
means that the entire gate sequence can be accomplished
rapidly using Stark shifting pulses and vacuum Rabi cycling.
For a lifetime-limited excitonic transition in a CdSe nano-
crystal, the ratio of the coupling frequency to the loss rate
can be of the order of 100. Therefore, vacuum Rabi cycling
should be possible with minimal loss. While this regime has
yet to be demonstrated with any cavity QED interaction at
optical frequencies, a similar operating regime has been pre-
dicted for atoms interacting with the field modes of various
fused silica microcavities.7,10
The exact form of the microcavity may range from micro-
spheres to microtoroids, the important factor being the pres-
ence of sufficient high-Q cavity modes in a reasonably small
spectral range. We will return to this requirement later, but
for now assume that nanocrystal can be brought into reso-
nance with at least four high-Q field modes using the dc
Stark effect.40
In contrast to the gate demonstrated in microwave cavity
QED,33 the “atom” in our gate travels through frequency
space, and thus can remain fixed in real space. The proposed
physical gate is depicted in Fig. 1a, consisting of a single
nanocrystal quantum dot placed on the surface of a high-Q /V
fused silica microcavity a toroidal cavity is depicted with a
fiber taper to couple out the cavity modes to a detector. Elec-
trodes are placed nearby to allow Stark tuning of the nano-
crystal resonance and a laser is used to excite the nanocrystal
in order to initialize the states of the system. The biexciton
transition is used to implement a conditional phase gate that
forms the basis of the CNOT gate, is illustrated in Fig. 1b.
The quantum state can be a superposition between the
ground and the single-exciton state X, which is depicted in
the diagram by thick lines. Only the single-exciton state un-
dergoes the phase shift if there is a photon in the control
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mode resonant with the biexciton transition. The biexciton
state XX is indicated by a dashed line in order to show that
it is only transiently populated during the gate operation.
This mode of operation does require the splitting of the spin
degeneracy of the exciton state. This can be accomplished
with an applied magnetic field.41
The all-optical or photonic CNOT gate thus uses the field-
atom conditional phase shift interaction. However, both prior
to and immediately following the phase gate interaction, the
quantum information is stored solely in the optical field
modes. Thus the atom quantum dot is used to read and
manipulate the quantum information contained in the field
modes. A schematic for a four-mode all-optical CNOT gate is
presented in Fig. 1c. Here the quantum information is rep-
resented in a logical qubit basis comprising two field modes
to represent a single qubit. Therefore, a requirement of the
quantum dot is that the excitonic resonance can be Stark
tuned across all four cavity modes, while the biexcitonic
resonance can be tuned into resonance with the field mode
representing the control qubit in the 1 state. Such a logical
qubit system has the advantage that atomic losses result in
states that exist outside the computational basis and hence
are easily detected. This is especially useful for detecting
Auger ionization losses from the biexciton state.32
Following Fig. 1c and assuming prior state initialization,
the CNOT gate operation proceeds as follows. The quantum
dot is Stark tuned into resonance with the target 0 state and
the state swapped by waiting half a Rabi period  rotation.
The quantum dot is then Stark tuned into resonance with the
target 1 state and mixed by waiting a quarter of a Rabi
cycle  /2 rotation, or Hadamard gate. The quantum dot is
then Stark tuned to a point where the biexciton transition is
resonant with the control 1 state to achieve a conditional 
phase shift by waiting for a time sufficient for a 2 Rabi
cycle of the biexciton resonance. The state of the quantum
dot is then returned to the target field modes via the reverse
process of a Hadamard gate with the target 1 state and then
a swap gate with the target 0 state using the appropriate
Stark tuning pulses.
The use of a logical computational basis has many ben-
efits for experimental implementation. The use of two field
modes per qubit means that arbitrary superposition states can
be prepared from a single quantum dot excitation, by a pro-
cess of vacuum Rabi cycling that transfers a fraction of the
excitation to one mode and the remainder to the other. This
allows a quantum state to be rapidly prepared in a time far
shorter than the lifetime of the quantum dot excited state.
Two successive excitations of the quantum dot can therefore
be used to rapidly prepare the initial two-qubit quantum state
of the CNOT system. The other major benefit is that the use of
a logical basis can ensure that certain system losses are
readily detected and can be corrected by rerunning the gate.
Therefore, the statistics of gate operation can be obtained
only from operations where two quanta are detected in the
appropriate modes. These types of quantum schemes form
excellent test beds for quantum gates, as they allow for the
use of inefficient detection systems.2
FIG. 1. Color online a Schematic of a proposed experimental
implementation. A single nanocrystal quantum dot on the surface of
a toroidal microcavity. Laser pulses are used for both initial-state
preparation and the CNOT operation. Electrodes are used for Stark
tuning the quantum dot between the different cavity resonances. A
fiber taper is used to couple the field modes to the detection system.
b The three levels of the quantum dot system. Both the ground
state 0 and the exciton state X can be occupied in any superpo-
sition state and so are illustrated using thick colored lines. The
biexciton state XX does not contain any quantum information, so
is unoccupied during most of the gate operation and is represented
by a dashed line. The Stark tuning of the biexciton transition into
resonance with the control qubit 1 state cavity mode is illustrated.
Transient occupation of the biexciton level is possible only if there
is a photon in the cavity mode. c A diagram representing all rel-
evant quantum objects involved in the photonic CNOT gate. Four
field modes, comprising the two logical qubits as well as the quan-
tum dot state, are indicated. Only single-photon occupancy is per-
mitted in the computational basis. The quantum dot acts solely as a
quantum bus. Therefore the first operation is a swap gate that loads
the information in the target qubit 0 state into the quantum dot. A
Hadamard gate is then implemented between the quantum dot and
the target qubit 1 state. The quantum dot then undergoes a condi-
tional phase shift and the sequence is reversed, leaving all the quan-
tum information in the photonic qubits and the quantum dot in the
ground state. The dashed box includes the part of the photonic CNOT
gate that is simulated. The swap gates are simulated separately.
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INITIAL-STATE PREPARATION
The most direct means of preparing an initial photonic
qubit in the logical basis is by first exciting the nanocrystal in
order to produce an electron-hole pair i.e., an exciton, which
recombines with the emission of a photon. Excitation of the
nanocrystal may be done in a number of ways, the most
direct being via optical absorption. The initialization se-
quence, illustrated in Fig. 2a, proceeds as follows. The ex-
cited nanocrystal is rapidly Stark tuned into resonance with
the first cavity mode, representing either the logical 0 or
logical 1 state and is left to Rabi cycle for some predeter-
mined time. The Rabi cycling is ended, by rapidly tuning the
nanocrystal out of resonance, when the required probability
amplitude for the state is reached. The nanocrystal is then
Stark tuned into resonance with the second mode comprising
the logical qubit and is left to Rabi cycle for exactly half a
cycle, so that the remainder of the probability amplitude is
transferred into the field mode. This also leaves the nano-
crystal in the unexcited state, allowing it to be used either to
prepare another logical qubit or in the CNOT gate. Phase ro-
tations around the Bloch sphere are achieved by adjusting the
time t between the two Rabi interactions.
A simulation of the preparation of the symmetric super-
position state 12 10+ 01 is shown in Fig. 2b, which can
be accomplished with a fidelity of 0.99. Note: the fidelity
used here is defined as Trˆoutˆsim, where ˆout is the desired
output state and ˆsim is the simulated output. The timing
delay required to adjust the phase of the superposition is
shown in Fig. 2c. Here we have plotted the fidelities of
obtaining either the symmetric, antisymmetric, or the two
quadrature superposition states. The oscillations provide an
indication that the phase of the state is uniformly rotating
around the Bloch sphere. These simulations indicate that ar-
bitrary initial states in a logical qubit basis can be created
with high fidelity from a single nanocrystal excitation.
SIMULATION OF THE CNOT INTERACTION
Simulations of the field-atom system were carried out us-
ing two field modes and a three-level atomic system, com-
prising the subsystem indicated in the dashed box in Fig.
1c. One of the field modes represents the control qubit in
the state 1, while the other field mode represents the target
qubit in the state 1. The remainder of the target qubit i.e.,
the amplitude of the target state 0 is assumed to be already
transferred to the quantum dot exciton state. The Hamil-
tonian for the three-level system interacting with two spec-
trally separated cavity field modes is represented in its gen-
eral form as follows:
Hˆ / = 
i=C,T
iaˆi
†aˆi + 
j=1
3
 j + Ajtj	j
+ 
i=C,T

j=1
2
igjaˆij + 1	j − h.c. , 1
where aˆC and aˆT are the annihilation operators for the control
and target qubit field modes which have frequencies C and
T. The atomic operators are expressed in terms of projec-
tion operators with the energies of the three levels given by
 j for j=1,2 ,3. The field-atom coupling strengths are rep-
resented by the parameters gj for j=1,2. This Hamiltonian
has a single time-dependent term At, which represents the
time-dependent Stark shifting pulse sequence that is used to
operate the CNOT gate.
For the simulation we operate in a frame rotating at the
control qubit frequency and terms far from resonance have
FIG. 2. Color online a An illustration of the logical qubit initialization sequence. The peaks represent two field modes of the
microcavity system on each end and the nanocrystal resonance in the center. Step 1: the nanocrystal is promoted to its excited state. Step
2: the nanocrystal is rapidly Stark tuned on to resonance with the left cavity mode for a time corresponding to a predetermined fraction of
a Rabi cycle. Step 3: the nanocrystal is rapidly Stark tuned on to resonance with the right cavity mode. A certain delay t is introduced to
adjust the phase of the qubit. The nanocrystal is left on resonance for a time sufficient to accomplish a  Rabi cycle. Step 4: the now
unexcited nanocrystal is rapidly Stark tuned away from the cavity mode resonances, leaving the two cavity modes in a known superposition
state of zero and one photon a logical qubit. b The simulated output for the logical qubit initialization sequence including the maximum
fidelity that can be achieved for creating the symmetric superposition state. The quantum dot state is easily identified as it starts in the
excited state unity occupation probability and at the end of the sequence the quantum dot is returned to the ground state zero occupation
probability. c The fidelity plotted as a function of the delay time for creating either of four superposition states that vary only in their phase
by steps of  /2, indicating that any point on the Bloch sphere can be reached.
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been neglected.37 We rewrite the generalized three-level sys-
tem in terms of exciton and biexciton operators ˆ
−
X
= 1	2
and ˆ
−
XX
= 2	3 and the associated detunings from the con-
trol qubit frequency. The Hamiltonian is thus recast into the
following form:
Hˆ / = maˆT
†aˆT + Xˆ+
Xˆ
−
X + XX + Xˆ+
XXˆ
−
XX
+ igX 
i=C,T
aˆiˆ+
X
− aˆi
†ˆ
−
X + igXX 
i=C,T
aˆiˆ+
XX
− aˆi
†ˆ
−
XX
+ Atˆ+
Xˆ
−
X + ˆ+
XXˆ
−
XX . 2
The constant m=T−C corresponds to separation be-
tween the cavity modes, while X=2−1−C and XX
=3−2−C correspond to the frequency detunings of the
quantum dot excitonic and biexcitonic transitions, respec-
tively, from the control qubit frequency. The exciton and
biexciton coupling frequencies g1 and g2 are now labeled gX
and gXX. The time-dependent Stark shifting term At repre-
sents a sequence of Stark shifting pulses. The first pulse is
used to perform a Hadamard gate between the quantum dot
exciton state and the target qubit cavity mode. The quantum
dot is then Stark tuned so that the biexciton transition is
resonant with the control qubit field mode for a time suffi-
cient to cause a complete Rabi cycle and a  phase shift. The
quantum dot is then Stark tuned back into resonance with the
target qubit cavity mode where another Hadamard gate is
performed between the quantum dot exciton state and the
target qubit cavity mode. This subset of the entire gate op-
eration sequence was chosen in order to minimize the effec-
tive Hilbert space required for the simulation. The extra swap
gates that are used in the entire gate sequence have been
simulated separately.
In order to simulate actual gate operation, we include loss
terms using the master equation in standard Linblad form. In
this case, the master equation is simply represented as fol-
lows:
L =
1
i
Hˆ , ˆ + 
l=1
4
Cˆ lˆCˆ l
†
−
1
2
Cˆ l
†Cˆ lˆ + ˆCˆ l
†Cˆ l 3
where Hˆ is the Hamiltonian described above and ˆ is the
reduced density operator. The loss terms Cˆ 1=aˆT, Cˆ 2
=aˆC, Cˆ 3=Xˆ
−
X
, and Cˆ 4=XXˆ
−
XX represent the coupling
of both the target and control cavity modes to other modes
outside the cavity, and the spontaneous emission from both
the exciton and biexciton states, respectively, with X and
XX being the spontaneous emission decay rates of the exci-
ton and biexciton states and  is the cavity decay rate for
both field modes.
We numerically integrate the master equation in order to
simulate the gate operation. Using the Stark pulse sequence
illustrated in Fig. 3, we simulate all the states represented in
the CNOT truth table. The results presented in Fig. 4 represent
the populations of the two field modes and the atom during
the course of the interaction. The fidelity of the gate opera-
tion is also included. These simulations represent the case
where the spontaneous emission loss of the biexciton state is
equal to that of the exciton state, with X /gX=XX /gXX
=0.01. This is the low-loss case and is simply used to illus-
trate the CNOT interaction. We have also run the simulation
for a range of XX /gXX values and the resulting fidelities for
all operations comprising the CNOT truth table are given in
Table I.
The ultimate test of the CNOT interaction is its ability to
generate entangled or Bell states. The fidelities of Bell state
formation are included in Table II below, for the same range
of XX /gXX values used in Table I.
READOUT
The proposed gate relies on coupling to an output fiber in
order to transfer cavity photons to freely propagating fiber
modes. The output photons must then be spectrally discrimi-
nated into four detector channels, two for each qubit. This
spectral discrimination will require the use of narrowband
filters with a bandwidth selectivity of between 1 and
10 GHz. Such selectivity can be achieved using interference
techniques, such as tunable Fabry-Pérot étalons, which are
more than capable of providing the necessary resolution and
selectivity.38 An even more promising and flexible scheme
can be implemented using acousto-optic modulators.39 Such
technology is already in wide use for wavelength division
multiplexing and so presents no technological barrier. The
detection apparatus will then determine if a proper gate op-
eration was accomplished using a coincidence logic scheme
that will register a potentially successful gate operation
only if two photons are detected, with one in either of the
logical control modes and one in either of the logical target
FIG. 3. Color online The Stark shift pulse sequence used to
implement a CNOT interaction between two field modes. The initial
and final Hadamard pulses are used to Stark shift the exciton state
into resonance with the target 1 state to initiate Rabi cycling be-
tween the nanocrystal and cavity mode. A  /2 Rabi cycle is applied
in each case. The phase gate is implemented by Stark shifting the
biexciton transition into resonance with the control quibit 1 state.
A 2 Rabi cycle is applied in order to generate a  phase shift of
the exciton state X.
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modes. This readout scheme thus also performs some simple
error detection, which will increase the effective fidelities,
conditioned on the appropriate combination of two photons
being detected. Therefore it is not necessary to include the
efficiencies in the detection apparatus, as these will invari-
ably result in photon loss, which is detected. The proposed
readout scheme is depicted in Fig. 5, including photon loss
detecting logic.
STARK TUNING THE NANOCRYSTAL
The central idea in our proposed gate is to tune the nano-
crystal excited-state energy using the dc Stark effect. This
can allow frequency tuning across a wide spectral range,
depending on the polarizability of the excitonic state. The
polarizability of many of the available nanocrystals is not
well known. However, most nanocrystal quantum dots dis-
FIG. 4. Color online A series of simulated CNOT interactions for the biexcitonic gate representing the CNOT truth table. State occupation
probabilities for the control 1 state C and the target 1 state T and the quantum dot Q are indicated. The occupation number of the
quantum dot represents the population in the exciton state X. Input and output states are indicated and the gate fidelity is also given.
gX /X=gXX /XX=100 and gX /=1000 are used for these simulations in order to demonstrate the basic CNOT interaction.
TABLE I. Fidelity for CNOT operation.
CNOT operation 0.01 0.1 0.2 0.5 1
11→ 10 0.96 0.92 0.89 0.80 0.67
10→ 11 0.96 0.93 0.89 0.80 0.67
01→ 01 0.98 0.98 0.98 0.98 0.98
00→ 00 0.96 0.96 0.96 0.96 0.96
TABLE II. Fidelity for generation of Bell states.
Bell state 0.01 0.1 0.2 0.5 1
10+ 01 0.96 0.95 0.94 0.90 0.85
10− 01 0.96 0.95 0.94 0.90 0.85
11+ 00 0.96 0.94 0.93 0.89 0.84
11− 00 0.96 0.94 0.93 0.89 0.84
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play spectral diffusion, which is an indicator of strong polar-
izability. In particular, the polarizability of CdSe nanocrys-
tals has been thoroughly studied. Stark tuning of the
nanocrystal resonance across more than 10 THz was
demonstrated.40 In practice, Stark tuning would need to be
restricted to a few gigahertz in order to prevent the qubits
having excessively rapid rotating phases. Aside from CdSe,
larger nanocrystals would be expected to have a reasonable
polarizability due to weaker quantum confinement, while
smaller nanocrystals displaying strong quantum confinement
should be less polarizable. Therefore it may be possible to
choose an appropriate polarizability based on either the
quantum dot material or size. In fact a smaller polarizability
may be desirable in order to suppress excess noise from spu-
rious or fluctuating fields.
DISCUSSION
The model we have used is a ladder system, which is
more appropriate for atomic systems. The biexciton state is a
multiparticle state, which is quite unlike a single-atomic sys-
tem, but more akin to two atoms interacting with a cavity
field. This is due to the spin degeneracy of the conduction
and valence bands. In general there are two degenerate or
nearly degenerate exciton states, both of which are coupled
to the same ground and biexciton states. This system thus
provides two paths to the same biexciton state and so is
extremely phase sensitive. In fact it is possible for destruc-
tive quantum interference to suppress population in the biex-
citon state, which may ultimately allow for a phase gate that
is insensitive to biexciton losses. However, this would re-
quire a completely different gate operation protocol. There-
fore, in order for the proposed model to be applicable, the
spin degeneracy of the exciton states needs to be lifted. This
can be accomplished using an external magnetic field, but
may also be accomplished by crystalline anisotropy, shape
anisotropy, or with the addition of a magnetic impurity. Split-
tings need to be at least an order of magnitude greater than
the vacuum Rabi frequency to prevent interference effects
from adversely affecting the performance of the gate. For
example, if a PbS nanocrystal is used with a vacuum Rabi
frequency of 500 MHz, a splitting of around 5 GHz would
be required. This magnitude of splitting is readily achieved
in GaAs quantum dots with relatively modest magnetic
fields.41 The use of a magnetic field to cause the exciton
splitting will result in two exciton states with well-resolved
spin angular meomentum. However, this property does not
affect the gate operation, as the whispering gallery modes of
the microresonator have nondegenerate polarization states,
which are the TE and TM modes. Therefore it is not possible
for a cavity mode to induce spin-selective transitions. Thus,
the cavity mode interactions will obey selection rules appli-
cable to linearly polarized light. This means that the cavity
modes can interact with both the exciton and biexciton tran-
sitions in a manner suitable for our gate operation.
The photonic CNOT gate based on logical qubits, compris-
ing two distinct field modes, allows detection of errors due to
losses in many cases. As the quantum dot is merely acting as
a quantum bus, any spontaneous emission losses will trans-
late into field mode losses. Any loss due to spontaneous
emission after a CNOT interaction will result in the loss of a
quantum, which is in principle detectable. The biexcitonic
interaction may in fact be the dominant loss mechanism in
this gate. In fact the splitting of the exciton transitions also
means there is an unused fourth level in the system. While
this level can be detuned sufficiently from the CQED inter-
action, it nevertheless presents another deexcitation pathway
for the biexciton state. This extra pathway results in a return
of the quantum dot from the biexciton state to its unexcited
state. This presents an additional loss mechanism that results
in the total loss of all quanta. The other deexcitation pathway
via the state X results in the loss of a single quantum. Both
losses are detectable and will necessitate rerunning the gate.
Therefore, if this loss is not too great, the gate will simply
need to be run successively until two photons are detected.
For a high-Q cavity the field losses can be made negligible.
Within the time frame of the CNOT interaction, the loss in the
field modes should be small. However, field mode losses are
more likely to occur via the output coupler and so in prin-
ciple can give rise to undetectable errors in certain cases.
There are also certain losses in the field modes that do not
effect the gate operation. Only losses in modes that are di-
rectly involved in the CNOT interaction can have a possible
effect, if the loss occurs before the CNOT interaction. For
example, any losses in the control qubit logical 0 state will
not affect the outcome of the gate.
The use of two spectrally distinct field modes to comprise
a single logical qubit introduces some complications. For
instance the phase of the qubit will be rotating at a frequency
m /2, which can be in the gigahertz regime. This provides
constraints on the system, as accurate control of the phase is
required. Therefore, the mode separation will be constrained
by the accuracy of the electronics.
In general, the operation of the photonic CNOT gate based
around a conditional phase shift using the biexciton transi-
tion in quantum dots seems to yield very high fidelities. Fur-
thermore, the operation is not highly sensitive to biexciton
losses. In fact this photonic gate is able to detect all quantum
dot losses, as such losses will take the system out of the
FIG. 5. Proposed readout scheme featuring a fiber taper coupled
to the cavity. A mirror M reflects photons back toward the detec-
tion apparatus. Each mode is detected separately using narrowband
frequency-selective beam splitters to send the appropriate photons
to single-photon counting detectors. A logic circuit is also indicated,
which detects valid gate operations. This can be used to collect
meaningful statistics on the gate operation in the presence of gate
losses.
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computational basis. Therefore, the quantum-dot-based CNOT
gate can be operated in the coincidence basis with very high
fidelity.
Experimental implementation of the proposed photonic
CNOT gate relies primarily on the material properties of the
gate’s constituents. Recent advances in the fabrication of
fused silica microcavities have shown that these devices have
the potential to facilitate cavity QED interactions well into
the strong cavity-coupling regime.7,10 The main points that
need to be addressed are the fabrication of a microcavity
with an appropriate mode structure and also the use of a
nanocrystal quantum dot with an appropriate lifetime and
with decoherence properties approaching the lifetime limit.
A suitable mode structure will probably involve transverse
mode engineering. For example, transverse modes in micro-
spheres can have a reasonable mode separation, which
should be sufficient for the task.42
The first requirement of the nanocrystal is that it must
provide an appropriate two-level system. This constraint can
already be satisfied by most available nanocrystals as quan-
tum confinement energies are many orders of magnitude
greater than predicted coupling energies. This holds true
even for the band-edge exciton fine structure. Furthermore,
nanocrystal shape modification may provide further ways to
modify the spectroscopy in order to provide a suitable two-
level system in other nanocrystals.43 One of the most strin-
gent constraints on the nanocrystal system is the requirement
for low decoherence of the excited state. In the solid-state
environment, phonons are the main contributors to excited-
state decoherence. Optical phonons can easily be removed
from the solid-state environment by cooling to temperatures
below the optical phonon cutoff energy. However, acoustic
phonons are widely dispersive and exist down to zero tem-
perature. Nevertheless, nanocrystal materials are of suffi-
ciently small size that the acoustic phonon band becomes
discretized and it becomes possible to cool the system to a
temperature below that which can excite the fundamental
acoustic phonon mode in the nanocrystal note that this per-
tains to colloidal nanocrystals, where a large acoustic mis-
match between the nanocrystal and the surrounding matrix
can be maintained, allowing discretization of acoustic modes
due to finite boundary conditions. A temperature below
20 K is usually sufficient to freeze out all phonons in a nano-
crystal. In a phonon-free environment, it is possible to obtain
lifetime-limited linewidths.21,44 Linewidths narrower than
kBT have already been observed in CdSe nanocrystals cooled
to below 10 K,31 and ensemble linewidths close to 1 GHz
have been observed.45 This is very promising for limiting
exciton dephasing. Unfortunately, the lowest exciton level is
often an optically forbidden transition, or dark state,46 which
causes additional dephasing and even exciton trapping in
many different quantum dots. This obstacle does not seem to
be present for the IV-VI lead chalcogenide nanocrystals,47–50
which is very promising.
Therefore we consider the properties of lead sulfide–
based nanocrystals, as they possess a number of properties
useful for CQED, such as near-infrared emission and very
long exciton lifetimes.19,48,51 If we consider, for example, a
PbS nanocrystal with an emission wavelength of 850 nm, an
exciton lifetime of 500 ns, and assume a lifetime-limited
transition linewidth, direct comparison with the analysis of
Buck and Kimble10 indicates that a coupling frequency of
111 MHz and consequently a ratio of the coupling frequency
to the exciton loss rate of gX /X=300 can be achieved using
a optimal microsphere with a radius r=7.83 	m and with a
Q of 9.76
108.10 This is well beyond the value of gX /X
=100 assumed in our simulations.
The lead salts do introduce the additional complication of
an eightfold-degenerate ground state, due to the presence of
four equivalent band-gap minima. It is predicted that inter-
valley scattering will split the degenerate ground state,48 thus
providing a suitable isolated exciton level. The lead salts
may also offer other advantages due to strong quantum con-
finement of the charge carriers, such as an inhibition of the
Auger scattering rate for certain sizes that provide a minimal
density of states for Auger scattering. This could facilitate
longer biexciton lifetimes and increased quantum efficien-
cies. Nevertheless, the presence of extrinsic states, such as
surface states is one area that needs to be addressed. There is
currently a great deal of research into surface passivation and
modification in order to treat these surface states. In fact the
most encouraging results recently published show that the
phenomenon of blinking can actually be suppressed with the
appropriate surface treatment.52 This has major implications
for all sorts of nanocrystal uses, including quantum technolo-
gies. Therefore many of the current limitations for using
quantum dots in cavity-QED-based technologies are simply
technological issues that can be overcome. If there are nei-
ther intrinsic nor extrinsic states that can cause additional
dephasing in lead-salt-based quantum dots, then it is quite
reasonable to suppose that lifetime-limited transition line-
widths may be obtained.
Lastly, the technical issues of spectral diffusion and blink-
ing in colloidal nanocrystals are undesirable traits for use in
quantum technologies. However, they do not represent an
ultimate barrier to future implementation.34 For instance, un-
der optical excitation, spectral diffusion can be greatly mini-
mized by using low excitation intensities.31,45 This is also
true of blinking.29 This suggests that nonlinear multiphoton
absorption plays a strong part in exacerbating these phenom-
ena. However, while cavity-enhanced single-photon absorp-
tion is strongly nonlinear, it does not entail any multiphoton
absorption. Therefore we expect that CQED-based nonlin-
earities should be only marginally affected by these undesir-
able properties. Nevertheless, any ultimate implementation
will require that blinking and spectral diffusion be addressed
at a technological level. To this end, certain types of nano-
heterostructures have been found to exhibit neither blinking
nor spectral diffusion.30 Most importantly, recent advances in
the technology of surface passivation have succeeded in sup-
pressing blinking in commercially available CdSe based
nanocrystals.52 Alternative methods of improved surface pas-
sivation could also comprise epitaxial overgrowth of a thick
lattice-matched shell. These recent developments in the sur-
face treatment of nanocrystals to improve their optical prop-
erties show that there is a clear impetus to close the gap
between epitaxially grown SAQD’s and colloidal
nanocrystals18,34 that primarily stems from the desire to make
robust, optically active but chemically passive nanocrystals
for long-term use in numerous technologies. For example,
MARK J. FERNÉE AND HALINA RUBINSZTEIN-DUNLOP PHYSICAL REVIEW B 74, 115321 2006
115321-8
single colloidal nanocrystals are already being investigated
as single-photon sources.53
CONCLUSION
We have investigated the use of the Stark-tuning property
of a nanocrystal quantum dot in order to control the quantum
interaction with a high-Q /V microcavity. A photonic CNOT
gate based on the strong cavity coupling between both the
excitonic and biexcitonic transitions in a nanocrystal quan-
tum dot and four nondegenerate field modes of a high-Q /V
fused silica microcavity was proposed. For this gate, the
quantum dot is used only as a quantum bus that transfers and
manipulates quantum information contained in the cavity
modes. We have attempted to use realistic parameters in our
model to obtain a reasonable estimate of what may be ob-
tained experimentally. The manufacture of microcavities
with sufficiently low loss and high Q /V ratio can be
achieved with existing technology. Once we are well into the
strong-coupling regime, we find that initial-state preparation
can be accomplished with fidelities greater than 99%.
Recent advances in nanocrystal fabrication have prompted
us to consider the use of the biexcitonic transition in nano-
crystal quantum dots. A range of biexcitonic loss rates were
considered for the simulation, as it has been established that
there are additional loss processes for the biexciton state. The
entire CNOT gate can operate with over 95% fidelity in the
low-loss regime. Furthermore, we have found that the pho-
tonic gate is able to produce Bell states with reasonably high
fidelity over a wide range of possible biexciton loss rates.
This makes the gate potentially useful as a resource for gen-
erating photonic Bell pairs.
While the performance of this gate seems promising, it
still requires further development in both microcavity fabri-
cation as well as demonstration of appropriate nanocrystal
properties, such as high-resolution observation of the exciton
and biexciton linewidths as well as the observation of
vacuum Rabi splitting or vacuum Rabi oscillations. Further
improvements to the gate protocol could involve using quan-
tum interference to relax the contraint on the biexciton loss
rate. Nevertheless, the model serves to highlight the possibil-
ity of using the dc Stark tunability of a nanocrystal quantum
dot as a useful means to control cavity QED interactions for
potential quantum technologies, such as highly efficient non-
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